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THE STRENGTH OF SEMIELLIPTICAL CYLINDERS SUBJECTED TO
COMBINED LOADINGS

By B, E, Sechler and J. L, Frederick
SUMMARY

The present report covers tests made on elliptical cyl-
inders with a center support which were subjected to vaFious S
simple and combined loadings., The tests yielded a series of .
interaction curves for combined loadings on such cyllnders E——

which should be useful in wing nose section analysis."" Tz

- mmmame T

INTRODUCTION L

The primary obJect of this regearch projsct was the de-
termination of design criteris for the nose sections of air- _
plane wings, Since the nose portions of most wing sections ™ _'.?
can be approximated fairly clossely by porbtlons of ellipses, - Ce
it was decided to use unstiffened elliptical cylinders for
test specimens in +this research, These cylinders were de-~
slgned in such a way that the boundary restraints of the
sheet simulated the boundary restraints present in the sheot
covoring of an actual wing nosec sactlon. TR

mem e T aal T T/ * A ——

The physical parameters tested were! - ——

1, Tho dezree of elliptieity ¢ - that is, the ratio =
of the semimajor %o the senlminodr axis of the ' —
ellipse S .

2, The length of the cylinder L, usually expressed as 'HT:
a sultabvle dlmensionless parameuer _ o ST

3¢ The thiockness of the sheet covering t, usually ox~— -

pressed as a sultable dlnen31onless parameter T

RESTRIGTED ' o
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The loading conditions to which the eylindsrs were sub-
jected were as follows: ’ -
1. Pure torsion
2. Pure bending o S o

3, Bending plus torsion

4, Bending plus vertical shear ) e

In 2ll cases, the bending moments and the shears were ap-
plied in the plane of the minor axis of the section, N

This investigation, conducted in the Structures Labora-~
tory of the Guggenheim Aeronauticnl ILaboratery of the Cali-
fornia Institute of Technology, wsas sponsorsd by and con=- |

ducted with the financial assistance of the Hat10na1 Advi-
sory Committee for Aeronautics,

SYMBOLS

A area enclosed by cylindrical shell (Cylinder cross-— )
sectional area), square inches.. o s e

As cross—-sectional area of sheet mgking up cyllnder but
neglecting vover Dlates, sguare 1nches

a semimajor axis of =1liptical part of specimen (Also
used as radius of circular cylinders), inches =~ _. -7 =

b gsemiminor axis of elliptical part of specimen, inches
B © modulus of elasticity of materiasl (Taken as 10.3 X

10° psi throughout report) - I —
F shear load at buckling which, acting at lever arm 1,

causes bending moment - my = Fl, pounds . - - e—— —
I, moment of inertia of cover plates about specimen neu- o

tral axis, inches* T s~

I moment O0f inertia of sheeot coverlng of spccimens about
specimen neutral axis, inchesg* : e
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M

IS + Ic total moment of inertia of gpecimen, inches_4

N
a nondimensional bending stress defined as K = E%Q

length of cylindrical specimens between end supports,
inches

lever arm for applied shear load, incheg__

bending moment carried by sheet only (excluding that

I
carried by cover plates), inch—pounds(? = m-fi>
t

bonding moment applicd to spoecimen, inch-pounds -
bending moment carried by sheet only at buckling, - m

inch pounds (Mb = mb-%§> o R
& :

bending moment applied to specimen at duckling, inch-
pounds - .

torsional moment carried by sheet only, inch-pounds
(Assuming that the contribution of cover sheets is
negligible, My = mg.) . L

applied torsional moment, inch-pounds

applied torsional moment at buckling, inch-pounds

applied torsional moment at specimen failure, inch
pounds ;

- - - .

bending moment carried by sheet only at failure, inch-
; L S
pounds (Fu = m, & . - -
I't- o

applied bending moment at specimen failure, inch-pounds

thickness of sheet covering, inches

degree of ellipticity of elliptical part of specimen -
that is, ratio of semimajor %o semiminor axis of
ellipse (¢ = a/b) T
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material,

maximum radius of curvature of elllptlcal part of

specimen, inchss

taxinun bending gtress at buckling corresponding to

}L'b, PSi

maximum bending stress corresponding t0 moment sup-

.-

norted by a cylindrical specimen immediately after

buckling takes place, psi

maxinum bending stress at buckling due t0 pure bending -

that is, no other applied loads, psi

maxinum bending stress at fallure of specimen, psi

ultimate tensile gstrength of material, psi

yield stress of material (0.2—percent Offset),

torsional shearing stress, psi
torsional shearing gstress corresponding to

torgional shearing stress corresp0n&1ng to
vure torsion, psi -

psi
My, 5 psi
m for
Tt

direct average shearing stress at buckling correspond— L

ing to F, 9psi
torsional shearing stress corresponding to
torsional shearing stress corrosponding to
caso of pure torsion, psi
EXPERIMENTAL TECENIQUE

Material and Material Tests

Since it is a very commonly used aircraft structural

24S~-T aluminum alloy was chosen for the purposes
of the experimental investigation,
talned in nominsl sheet thicknesses

This material was ob-
ranging from 0,010 %o

0,040 inch. Despitec the relatively large deviations from

the nominagl dimensions of the sheet

suppliod during the

course of the ressarch program, the individual sheets them-
selves were reasonably uniform,
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Randon samples were selected from the various shipments
of material in an effort to obtain representative propertlies
of the actual material used in the construction of the test
specimens, The tosting of theso samples was limitod to that
of tension only* since tho most important property desired

was that of the modulus of elasticity &, which was assumed
to be the same in tension and compression. e
These material tests were conducted in a standard
Riehle testing machine having a maximum rated capacity of
3000 pounds. Strain measurcments were made by means of
Huggenberger type extensometers having a magnificatlon _of
approximately 300 times. Typical tensilc stress- strain
curves are pregented in figure 1 and a complete summary of
test results is given in table I, from which figure 2 has
been plotted. The scatter of experimental -points in figure ~
2 may be attributed to variations in the materisl itself and’
to the linitatlons imposed upon the attainable accuracy by
the experimental procedure used. .
Inspection of figure 2 indicates that the modulus of
elastlcity E is substantially independent of the direction
of loading relative to the sheet grain, and has an average
value of 10,3 X 10° pgi, The ultimate tensille stress. Oytg

is slightly less across the grain than with the grain; while

the difference in the defined yield stress (cv ~ 0.2 percent

offset in the initial gage length) is more marked. The av-

erage values and variations of tensile Drcpertlos with grain
diroction are in agrecment with proviously published results.
(See reforonces 1 and 2,) Whilo of genoral interest, thesc =
variations are of secondary importance to the basic research
project, since buckling of the test cylinders ocecurs at

stresses considerably below the defined yield point.

Test Specimens
The specimens consisted of two semielliptical (or semi-
circular) segmonts of sheet supported and clampcd at the '
ends of the minor axis of the ellipse, thus simulating two
wing nose sections mounted t0 a common spar and tested as a
unit. (See fig, Ba.) It was at first thought possible to )
use a Wegner spar as a means of providing the required beam

*Approximate compression properties may be obtained £

degired by use of table I-1 of refercnce 1.
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support and t0 subitract the effect of this spar in order %o
deternine the neft-load~carrying properties of the curved
sheet alone, After several tests had been completed under
different loading conditiong, it was decided that the pres-
ence of a spar haeving relatively large bending and shear
rigidlities made it very difficult to obtain accurate and re-
liable results of the net strength of the sgheet covering.

It was therefore decided t0 replace the Wagner type
spar by the gystem of vertical spacer blocks illustrated in
figure 3b. The spacer blocks were Jjoined by a series of
loose links in such a manner that relative motion in all
directions was possible. Thig completely eliminated the
difficulty of shear rigildities and reduced the problem of
the bending rigidity to0o a minimum. In order to prevent
buckling of the sheet covering between spacer blocks, cover
rlates were placed above and below the junctions of the two
semiellintical sections of sheet. The thickness of these .
cover plates was so chosen that they would have a glightly
higher Buckling load than that of the curved shests, It can
be readily seen that this means of support would contribute
only negligibly to the shear and torsional strength of the
specimen, and would carry a definite, calculable amount of
bending moment,

At the ends of the specimen were l-inch-thick steel
plates having the cross section of the desired ellipticity,
with the addition of a 2~inch rectangular centsr sectlon %o
wvhich was attached the above-mentioned support and cover

plate system. These end plates served a twofold purpose:
namnely,

1, They held the ends of thes sheet covering to the
correct contour,

2. They provided a convenient means of attaching the
specinen to the testing machines,

¥ith regard to the first item, the sheet was firmly held to
the end plates by 1/4-inch bolts which screwed into tapped
holes, spaced 1 inch apart around the circumference of the
specimen, For specimens where the failing stresses were
quite high, steel bands having the shape of the end plates
were placed between the bolt heads and the sheet to distrib-
ute the clamping loads of the bolts and t0o prevent interdbols
buckling, A photograph of the assembled specimeng is shown
in figure 3c, '
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In the actual assembly of the specimens, considerable
care wvas taken to avolid soft spots or wrinkles in the sheet
covering and to0 insure that each specimen was ag accurately
formed as possible. There were several unavoldable in-
stances when compllance with thoe above conditions was not
obtained and, theroforo, the validity and the consistoncy of
the rosults of such tests wore critically considerocd and the
test results discarded when that was deemed advisable.

All the specimens tested had a depth (equal to twice
the length of the semiminor axis) of approximately 6 inches,
the degree of ellipticity being obtained by wvariations in
the length of the semimajor axis. The ellipticities were
1.0, 2.0, and 3,0; while the length of the specimens ranged
from 1,0 inch to 34,0 inchées, These variations, in conjunc-
tion with the three nominal sheet thicknesses toested, 0,010,
0,016, and 0,020 inch , reduced the program t0 a systsmatic
investigation of the effect of the geometry of the test
speclimens on the load-carrying abilities of the specimens,

Tost Apparatus and Testing Procedure

Because of the various loading conditions decided upon
for investigation, it was necessary %o use several different
testing machines during the course of the experimental pro-
grem, Each of theso machines will be discussed separately
in conjunction with the description of the loading condi-
tions for which they were used,

The greater part of the pure torsion test program was
conducted on a standard Olsen torsion-testing machine (ses
fig. 4) having a maximum rated capacity of 50,000 inch-
pounds., As shown in this figure, a detachable loading Jjig
consisting of a length of H-beam and a section of steel
shafting was used 10 transmit the torsional moment from the
Jawes of the %testing machine to the end plates of the test
specimen, During the majority of these tests, angular de-
flection measurements were btaken over a portion of the
length of the specimen, and were used t0o obtain a check of
the buckling load determined from visual observations, siance
the point of buckling was marked by a change in the slope of
the load-deflection curve.

The romaindor of the pure torsiorn, all tho pure bending,
and all the bending-plus-torsion tests were carried out in
the bonding-torsion machine shown in figure B, In the casocs
of the purc torsion and bonding-plus~torsion tosts made in

R
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this machine, angular deflection measurements were taken as
before. In conjunction with the pure bending and bending-
plus~torsion tests, oxtensometer readings woero taken on bhoth
the tension and compression sides of each test specimen in
order to obtain the stress distribuntion in the specimen,
both before and after buckling of the sheet covering had
taken place,

The roguiromonts of tcsting with a wide rango of rastios
of bonding moments to vertical shear forcos in tho bonding-
plus—-shcar tosts nocossitatod a spocial testing machino.,
This machine ls shown in figure 6 and the working parts con-
sist of a fixed face plate, shown to the zight in this fig~
ure, and a movable face plate, v0o which is attached the head
of the loading arm., The specimen to be tested was placed
between and bolted to this pair of face plates. In order %o
eliminate any tare loads from acting on thec spocimen during
the testing operation, the loading arm and the movable face
Plats unit were counterweighted through a knifc-edge lovor
systom, which was so dosigncd as to bo indcpondont of tho
amount of deflectlon of the loading arm, Thus, the loading
arn was made floating with respect to the specimen. Por-—
tions o0f this counterwelght system may be seen in the fig-
ure. The variation of the bending~to~shear ratio was accom-
plished merely by shifting the point of load application
along the length of the central loasding arm, During the
bending-plus—-vertical shear tests, extensometers were agaln
mounted %o the specimens in order to obtaln an experimental
value of the stresscs in $tho spccimen,

Sheet thicknesses were measured on a thickness gage
reading t0 x0,0002 inch., These measurements were made at
scvoral points on the individual shoets uscd in cach spoci-
men, and since the varistions were small for any one sheet,
the average sheet thickness was rscorded for the purpose of
subsequent calculations. Ir some of the esrlier tosts, tho
sheet thickness that was used was the nominal thickness and,
while thils can have no marked effect on the wvalidity of the
results presented, it can be noticed in the tadbular data and
thoreforo has boon montioned,

EXPERIMENTAL RESULTS

In all discussions which follow, the cylinders referred
to as semielliptical or semicircular were thoss having a
fixed support, such as 1g shown in figure 3, at the ends of
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the minor axls. Orylinders referred %0 as circular or ellip-
tlical are sheet structures with no support other than that
applied at the ends of the specimen,

Pure Torsion of Scmicirculer Cylinders
Since the problem of the strength of eircular cylinders

under pure torsion has been extensively covered both theo-
retically. and experimentally (see references 3 and 4), it

was declded to test firet the somicircular and semielliptical

eylinder in pure torsion, As in the case of ths circular
cylinders, the buckling load of the semicircular cylinders
was very close to the utlimate load of the specimen. This
is shown in table II, where 1t can be seen that the value of
the torsional moment causing fallure mtu ig seldom more

than a few percent higher than the torsional moment causing
buckling mtb'

In order to express the torsional loads in terms of
shearing stress, use has been made of the usual equation of
torsional shearing stress in a thin-walled cylinder: namely,

T = i 3 (1)
2A%

This oquation is valid up to the point of buckling and,
aftor buckling, gives a fictitious average shoaring stress
which, at fallure, is analogous t0 the modulus of rupturs in
beams, Using equation (1), values for Ty and T, have

been calculated and are shown in +table II,

In reference 3, Donnell derives a theoretical exzpres-
sion for the ultimate strength of short and moderately long
cylinders of radius "a" and fixed ends subjected to a pure
torsional moment, This cquation is

3

T.L 2N\ 18
Y = 5,06+ /9,42 + 1.88( 22— (2)
g 2ta

A plot of this curve is shown as the short dashed line in
figure 7,

A curve faired through the experimental points for cir-

cular eylinders (360° of unsupported skin) is also shown in
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Tigure 7 ag the long dsshed curve, indicsaiing that the ex-
rerimental wvalues are somewhat less than those predicted
theoretically,

Using the same parameters for the semicircular cylin-
ders (150%° of unsupported sxin) the data from table II have
heen plotved in figure 7. A study of this figure brings out
the following points:

1., For the longer svecimens (Lz/Bta = 10,000) the ul-
timate strength of the semicircular cylinders is
approximgtely twice that of the circular cylindsrs,

2, For the shorter cylinders (L°/2ta & 10) the semicir-
cular cylinders have an ultimate strength which
is only about 10 percont grrater than that of the
circular cylinders. -

3. That equation (2) could be used for designing semi-
cireular cylinders and would be conservative for
all specimens in which 1%/2ta was greater than
200 and would no%t become exgeﬂsively nonconserv-—
a~tive down to a value of L°/2ta = 100, A little
later a more exact empirical equation will be
2iven for the case of the semicircular cylinders.

The largze increase in the ultimate strength of the
longer semicirecular cylinders over that of the circular cyl-
inders is explzinable by a consideration of the buckle pat-
tern of the two types of specimen. For modersately long
specimens, the number of circumferontial buckles 1s small
(of tno order of 2 in 360 }); hence the added restraint due
to support at 0° and 180° is quite effectivo in delaying the
buckling., However, as the length decreases, the number of
waves lncreases, so that the presence of the added restraint
beging 0 lose its effectiveness, For the lower limit of
the experimental dats under discussion, the number of cir-~
cunferential buckles was of the order of 16 zo that any re-
straint would have an effect on only a small percentage of
the area going into the wave stats. It is therefore proba-
ble that for very short specimens, the experimental curves
for the circular and semicircular cylinders would join since
the effect of the restraint would become negligidlo,

Pure Torsilon of Semielliptical Cylinders

Congldering now the semiellintical c¢rlinders, it is im~
mediatel; obvious that conditions are quite different from
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what they are in the semicircular cylinders, The radius of
curvature on the circumference of a semielliptical specimen
variss between a maximum value at the ends of the minor axis
t0 a minimum value at the ends of the major axis, the magni-
tude of these limits devending on the ellipticity and the
depth of the cross section. Thus, it may be expected that
the specimen would first buckle in the regions of maximum
radius of curvature, and, under further increase in load,
these buckles would extend diagonally towards the nose. At
the same time, as esach section of the circumference reached
ite critical load, depending on the local radius of curva-
ture, new shear buckles would appear and propagate slowly.
Owing to the fact that the minimum radius of curvature 1is
located at the nose of the specimen, this nose portion would
resist buckling in such a manner as to act as a stiffener,
Conseguently, a diagonal tension ficld would be formed in
the romaining portions of the specimon, TUnder further in-
ercase of the appliod load, the combinod forces duc to the
induced tension field and the direct torsional loading would
soon reach a magnitude sufficient t0 cause the collapse of
the relatively stiff nose and thersfore bring zbout the com—
plete collapse of the cylinder,

Thus, it is seen that for semielliptical cylinders the
buckling and ultimate loads are two separate and distinct
points in the loading history and that the difference in the
values Of these two critical loads should increase with in-
creasing ellipticity. I+ is apparent that this second
statenent nust be true when the relative valuocs of the maxi-
mum end minimum radii of curvature as a function of the el-
lipticity ratio aroe considered. Similar conclusions wers
reached by Lundquist and Burke in reference 5, Visual ob-
servations confirmed the sbove-mentioned conclusions as t0
buckle history, and the data given for thesse cylinders in
tubles III and IV show that the difference between the buclk-
ling and failure torsional moments increascs as tho ellip-
ticity »atlo increases,

In nlotting these data, the same parameters were tried
as were used in figure 7: namely, TL®/Et® against IL2®/3ta;
where a 1is the semimajor axis of the ellipse. As can be
seen from figures 8 and 9, these parameters were satisfac-
tory and tho exverimental points had comparatively little
scatter from a mean curve drawn through them., The solid
lines in these figures correspond %0 equations (3) and (4).
The curves of figures 7, 8, and 9 were then collected in
figures 10 =zand 11,
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Figure 10 gives the torsional buckling strength of semi-
@elliptical cylinders as a function of the dimensions of the
cylinder and the ellipticity ratio., It 1g seen here that,

29 the ellipticity ratio increases, the buckling strength
decreascs, Other items being kept cqual., Thisg ig in line
with the previous physical discussion since the cylinders
with the larger ellipticities have a larger maximum radius
of curvature and would thus buckle at lower loads than cyl-
inders with smaller ellipticity ratios.

Figure 11, which gives the value of the ultimate load
on such specimens, indicates that the cvlinders with the
larger ellipticlities have somewhat better maxinum-torsiongl-
moment-carrying abilities. This is due to the fact that the
section near the end of the major axis, having a small radius
of curvature, acts as a stiffcner, and that the largor the
ellipticity, the greater the moment which can be developed
before this offective stiffener collapses.

& cross plot of figures 10 and 11 led to empirical equa-
tions for the buckling and ultimate loads of such semiellip-
tical and semicircular cylinders as follows:

1. For the buckling strongth

) 1.6
CTr Rl 1.60 + 14,80 + 1,153 Fyoans (3)
Po
orTr
2 1.6
TyL ? :
_03 = 1,60 + J/§4.80 + 1,13 <——lL§7-> (3a)
ool 2tac '3

2, For the ultimate strength

2 ]/3 1.6
Tyl « L*
"ET = 1,60 + ﬁ.so + 1,13 -P—-E——— (&)
Et 2ta

in which a 1is the semimajor axis and pgy is the maxinum

radius of curvature of the cross section. It can be shown
that, for an ellipse,
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The ¥arsegoing cyuatlons ares plotbsd in figures 12 and 13
with the exrerimental points and s.ow goud agreemnsnt and a
reasonablc anount of scatter. Thus, squati.rs (3) and (4) and
figures 12 and 15 can be considersd to Be design equations
and design curves Tor senicircular and sszuicelliptical eylin-
ders subjected t0 a pure torzionel moment.

On comparing the presont rosults witih those of refercncs
B on conplete ellivticel oylinders, two ircportant differencss
srs noted, PFor the same siieet thicknsss and lerngth, =an el-
liptical oylindsr buckles %t a lower stress tlian a circular
gvlindor of radius p,; while for semicylindsrs a highor

stress is roachied, The roazon for this lios in the fach
that it wes inposeidblo v conwbtruct the olliptical cylindore
without a slizht loosenzss of the sxin a4 the ends of the
minor axis (eZ2., ©. 2 cf reiercnce 5), thus introducing a
rather large effect of initial irregulsritics inte Skze buech-
ling-~toet rosulés, This wes uct tkhe caxe in the semiellip-
tical eoylinders, since the comsiructicr technigue used slio~
inated thig difficulsy. Wit regard to She ultinate strensius,
the chi?f difference lies in ths pregsense of the mulitiplicsa-
tivse e’é facitor irn the paransier for the semielliptioanl
cylinders, Jdn attempt to dotest -the proscace of this same
term in $he rosults of refersnce £ wse unsucesssiul, Deczuse
of tho narrow range 2% eiliptieisiss 3ested coupled with the
usunal amount of exporimental zcatter,

Pure Bending of ZJemicircuniar Crlinders

The next series of specimens was msade up of gseminiriu-
lar and sermielliptical cylindsra s“ogacteu to pure benu*n*
riomentss The bendins momsni rss appiied in the nlan:z 0f the
ninocr axia of thoe cylinder,

As in the casa o9f pure torsion, it is necessary to de-
fine the critical Londs of pure bending in *teorms of suitable
stressos, T0 gccomolish thig, vse has besn mado of the nor=
nul beam eaquabtion,

-~
[4]]
~r

-
v

The valuos 2f stress giveon Ty %his cuuation sphould zoepresusny
the true stress in the specimens tested up tc ths point of
buckling, ZSeyond this moint, the stresses given src ¢f a
fictitious nature, owins %o the fact that the noutrsl axise
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of the test specimens will shift toward the tension side of
the specimens as the buckle deformatlions increase on the
comprosslon side. ZExtonsometors mounted 1o the specimoens
during tho tosting procedure were used to check equation (5).
In figure 14 are plotted sample curves of the exporimentally
determined stresseos on the tonsion and the compression sidos,
prior to buckling, as a function of tho applicd bonding mo-
ncnt. For comparison, stross values calculated from equa-
tion (B) aro included, It can bo secen that a lincar and
synmetrical stress distribution exists before buckling takes
placoc for ecach of tho throo examples shown and that the
agroomont betwoen tho actual and calculated strosseos is

guite good. The fact that the calculated stresses are lower
, for each of the three cases plotted is merely a result of

the sclcetlion of tho oxamplos and is not typical of tho tost
data when considered as a whols, as can be seen in the upper
curve of figure 15, whers & comparative summary has been
mades, The scatter of the data about the line for unity in
this figure can be attributed to the inherent difficulties

in making stress measurements on curved, thin~walled sections
by means of mechanical extensometers., The experimentally de-
termined values of tho bending stresscs, aftor buckling has
taken placo, substantliato the shift in the noutral axis; how-
ovor, tho influence of the loecal bucklc docformations 1g so
groat on thosc rcadings that theoy haveo little practical sig-
nificanceo,

The first series of tests consisted of semicirculoar
cylinders of various sheet thicknesses and lengths sudbjescted
t0 pure bending moments applied in the plane of the vertical
spancer blocks %the plane of the minor axis for ¢ = 1,0),
Prior to the specimens reanching theilr critical load, the
skin covering remained unbuckled; however, at this point in
the loading history, the comprossion side of the specimens
would suddenly buckle into a large number of characteristic
elliptical and digmond~shape patterns, all directed inward,
Although this buckling phenomenon was quite violent at times,
the applied bending loads haed little tendency to drop off at
this point, If the loads were increased, the buckle deforma-
tions would increasc rapidly both in magnitude and scope, in-
dicating that the sheet covering had already reasched its ul-
timate stress and that the losd was boing supported by the
cover-plate system alone, This conclusion appears 0 be well
substantiated by the fact that the maximum load reached (at
cover-plate fallure) was independent of the geometric vari-
ables of the sheet covering and was solely a function of the
cover plato thickness., For this roason, it has been assumed,
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in the discussion that follows, that the buckling load was
also the maximum load that could be carried by the semicir-
cular shell,

The results of this series of tests on semicircular
eylinders are presented in table VI and figure 16, The re-
sults have beon correlated by using a roeduced bonding stress
X, 1in which

. .a (¢)
g = 22 . Tp (6)
Et Bt

This nondimensional strcse coofficlent is analogous to that
used in reference 6 for axial compression stresses,

A study of figure 16 indicates that the reduced bending
stresg coefficient X gives a satisfactory parameoter for
plotting the data for a generalized curve for somlecircular
cylindors undor purc bending. The scatter of the experimen~

turee.

The oscillatory nature of the curve in figure 16 was at
first questioned, but a study of reference 6 indicated that
such a length effect might be expeooted. Rofercnco 6 con-
talns a linearized theory on the length effect of cylinders
under axiasl compression, and the final results show a length
effoct that is qualitatively similar to that shown in figure
16, The necossary condition for such an effect was that the
number of buckles in the comploete circumforonco of tho speci-
mon must romain indopondent of tho length of tho ceylindor,

4 careful check of the data on the number of buckles at
buckling of the semicircular specimens showed that they var-
ied only from 8 to 10 in range of L/po‘s from 0,33 %o

11.30 and pgy/t's from 147 to 313, and that the variation

was random in nature, On this basis, it is thought that the
shapo of tho curve in figurc 16 is at loast tentatively
Justified,

In comparing the failing stress of semicircular cylin-
ders under pure bending with the falling stress in circular
cylinders under the same loading condition (see reference
7 and p., 466 of reference 8) it is found that the value of
K 1is much smaller for the semicircular coylinders than 1t isg
for the full eircular ceylinders for the same value of po/t.

Part of this difference is explainable by the fact that, for
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the full cylinders, any seame in the eylinders were placed
on the neutral axig of the specimen; while, in the cdse of
the somicircular c¢ylinders, tho soams worc located in re-
glons of maximum tension and compression stress.

In an effort to determine experimentally the effsct of
geam location it was docided %0 construct and tost a sorlos
of of circular cylinders in pure bending under conditions
similar to those of the semiclircular cylinders. These
specimens consisted of circular end plates approximately 6
inches in digmeter, %0 which were attached tho thin shect
covering in exactly the same manner as previously described.
The seam o1 seams wore formed by lappling the edges of tho
sheet and fastenlng them together by means of two rows of
clogsly spaced, carefully fitted machine screws., These
gerews werc not tightonod oxcossively, in ordor %o koop tho
deformations of the sheet covering across the seam t0 a min-
imun, To obtain the complete effect of the segms, four ar-
rangements were selected:

1., Onec scam locatod on the neutral axis
2, One seam located on the tension sids
3s One seam locatsd on the compression side

4, Two secams located on the tonsion and compression
sides

All these specimens were tested in tho testing machine
shown in figure 5, and tho rosults arc presocnted in'tadle V
and figure 17, The roducod dbuckling stross shown for tho
clrcular specimens with the slingle seam on the neutral axls,
vhen compared to the sgimilar specimens of reference 7, shows
rather good agreomont. With the scam on the tcnsion side, a
small reduction in stress is obtained; while, for the single
seam on the compression side, the buckling stress is lowered
8till further., For the specimens with seams on both top and
botton, the reduction in stress 1ls greater than the sum of
the second and third configuration, All these buckling
stressos aroc considerably lower than the value given by the

classical theory and show clearly the influence of discon-
tinulties in the specimen,

The dotted curve in figure 17 indicates the load car-
ried by thoso spoccimeons immodistoly aftor buckling and shows
that a2ll specimeng tend to fzll on the same curve, This
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last phenomenon is explained by the recent worlk of Kidrmédn
and Tsien (reference 9) on the nonlinear buckling problen.
In this paper, it was shown that there exist two buckling
equllibrium points, one of which is closely given by the
classical linearized theory, the other by the nonlinear the-
ory, This latter equilibrium point was shown to exist at a
much lower stress than the former point, and buckling could
occur at stresscos anywvheore between these two limits, depend-
ing on initial imperfections and eccentricities in the shell
and on the presence of external disturbances such as vibra-
tions, Generally, buckling would be characterized by a sud-
den jump in the applied load to the wvalue corresponding to
the lower eguilibrium point, This dotted curve then corre-
sponds to the lower equilibrium point of full circular cyl-
inders under bsnding.,

The lower curve of figure 17 glves the values for the
senmlcircular cylinders tested, and it can be seen that the
K wvalue for thege specimens is still lower than the minimum
roint for the circular cylinders. The buckling of these
semicircular cylinders was characterized by the fact that
the applied load had little tendency +to Jump at the buckling
load. This would imply that the specimens had buckled at a
stress corresponding to the lowest possible equilibrium
stress and never exceeded this value at any previous time in
thelr loading history. The cause of such a condition's exist-
ing is undoubtedly the fact thet the presence of the support
system, including the cover plates, introduced small dut
sufficient amounts of initial eccentricity and irregularity
into the sheet covering to cause fallure to occur at the
minimum point., This can be understood when it is considered
that the cover plates were necessarily located at the most
highly stressed point on the circumference of the specimen.

In view of the foregoing discussion, it is thought that
figure 16 gives a satisfactory design curve for semicircular
cylinders subjected to pure bending. The values obtalned,
while considerably lower than those obtained for full cir-
cular cylinders, probably will give a better approximation
to the actusl case of the nose section of a wing and there-
fore should be used for nose-section design where applicadble,.

Pure Bending of Semielliptical Cylinders
During the testing of the semielliptical cylinders sub-

jected to pure bending loads, several experimental observa-
tlons were made which will be discussed before pressenting
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the quantitative results. Thesse specimens, upon reaching
their buckling 10ad, deformed into a type of wave pattern in
the large radius of curvature regions that was ontirely 4if-
ferent from that of the somicircular cylinders. Tho buckles
that appcared wero definitely of tho characteristic flat-
plato typc for both ollipticitios tested., Thoso large shal-
low circular or elliptical buckles covered the major portion
of the compression sides of the curved sheet covering and
were different from the flat-plate type only in that they
wvere all directed inward. In a manner similar to that de-
seribed under the pure torsion tests, the small radius nose
portlions of the specimen behaved as if they were stiffeners,
and actually formed the lowser boundaries for the buckle pat-
tern. The formation of the buckles was characterized by the
facts that the buckling was not of a particularly violent
nature and that there was no noticeable decrease in the load-
carrying ability at the point of duckling,

As the load was increased beyond the buckling load,
these same buckles increased in amplitude and scops until
they approached quite close to the boundaries formed by the
prlates, the cover-plate system, and the nose of the section,
Upon further application of load, these buckles created much
smaller induced buckles, particularly in the four corners of
the affected region. In no case, however, did the nosc por-
tion fall first gince the point of collapse was always dic~
tated by the strength of the cover plates. This is as would
be expected, since the loading was pure bending and increas=-
ing the amount of material in tho cover plates would have
the same effcct as increasing the size of the spar caps in a
wing. The dgta obtained are therefors directly applicable
to wing nose section design.

The results of this series of tests are given in %tablse
VII and table VIII, and these data have been combined with
the %est results in table VI on semicircular cylinders %o
glve the curve shown in figure 18, This ocurve shows consid~-
erable scatter, but retesting and rechecking points indicated
that the scatter was random and was inherent 1n the specimens,
For that reason, the sugzested design curve shown in the fig-
ure is placed noar the lower limit of tho points rather than
through the mean of the experimental points tested,
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This suggested design curve can be represented by the

equation
185 1+6
v <ﬁ> a
I \% = 1,70 + 0,15 T (7)

or

o p 1.5 P 1.5 .

b

-:E—<—9- = 1,70 + 0,15 (—3-> (8)
et L

€

This can be written as

c \1le5 1.8
2 - 1.70 <$-\ + 0,15 <1> (9)
E a/ L

or
o 1.5
=2 = 1.70 E—’E)l's + 0.15 <i°-> (10)
E G L

Equation (9) is plotted in figure 19.

There is some indication that the number of buckles in
the buckle pattern of the specimens sccounted in part for
the wide scattering in figure 18, Further theoretical study
may Jjustify this presumption, but until more data are avail-
able it i1g thought that equation (9) or (10) will give a
sufficiently conservative value of the critlcal buckling
stress of semicircular or semielliptical eylinders undor the
action of pure bending.

Bending~Plus-Torslion Tests

The bending-plus-torsion tests were made on the machinse

illustrated in figure 5. The loading was so arranged that a

constant ratio of bending moment to torsional moment was ap~
plied t0 the specimen up to the failing point. 3Buckling was
noted both visually and with the aid of stressg-straln meas-

urements taken in the specimen during loading. The bending

and shearing stresses were calculated from the equations

G:ﬂ:& (ll)

It Is
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This equation will give conservative results for all values
of Mu/mtu and therefore carn be used for design purposes.,

A cross plot of the buckling curves {figs, 26 and 27)
indicates that a similar equation will give a satigfactory

first approximation with  congiderable scatter (as indicasad
in figs. 26 and 27), Thus,

2

o T

Zo L b)=1 (12)
[«) T

b'(l \bo

The duckling and failure wave patbterns of these sveci-
mens depended largely upon the K/mt ratios. TFor large val-

ues of this ratio, typical diamond-shape compression waves
appeared when the buckling stress was reaciied and for small
values of this ratio diagonal shesr wavee appeared. Inter-
mediate values led t0o wave patterns which ware combinations
of these itwo types. Failure of the cylinders occurred across
the nose (zinimum radius scction) of the specimor for the
cases when the torsionagl shearing moment was high and in the
cover plates when the bendirng moment was high., This fact ex-
Plains the reason for the relatively large scatter in the ex-
rerimental date for the larger wvalues of th ¥/my ratios,

The higher valunes of the experimental stresses correspond to
gspecimens iIn which the cover plates wers atrong enough %o
permlt the development of the full torsilonal shearing
strength of the section so that failure finally occurred
across the nose scction,

Comparison between measured and cazlculcted stresses in
the reglons below buckling are shown in ths second curve in
figure 15 and algso in the upper curve of figure 30, It 1isg
seen that the scatter is random in nature and is of the
order of magnitude that would be expecied wnen measuring
thin sheet stresses with mechanical =xtensometers,

The last four lines of tables IX, X, and XI are for
specimens with lengthe shorter than the standard length of
12.5 inches, which was held throughout the other tesss, It
can be seen that the test data for these specimens plot
satisfactorily on the curves for the other specimens, indi-
cating that there is no new length effect which appears for
this combined logding,
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Bonding~Flus~Shear Teats

The vPeénding-plus-shear tests were conducted on the test~
ing machine gshown in figure 6. Two lengths of specimens werse
tested, 6,5 and 16,0 inches, and the usual three skin thick-
nesses and three ellipticlity ratios were covered. Tho moment-
to-shear ratio was varied by the position of the jack on the
extended loading arm. As previously described, the weight of
the extended loading arm is separately balanced out and no
tare readings entered the loading force,.

The data for these specimens are tabulated in tadles
XI1I, XIII, and XIV, The equations used in reducing the data
ware: :

b Fl
O'-b = %"" = —]-:—P" <15)
-t t
F
Tey = 3 (16)
8
ig
n —=
x _ 1 Ei = 6 (17)
v b I'b o)

Only the buckling data have been recorded and reduced,
since ultimate failuro was, in nearly every casoc, caused by
cover-plate fallure, Thus, ultimate failure could be delayed
indefinitely by increasing the cover-plate size (correspond-~
ing to an increase in spar-cap size), A few cases in which
the My/Fb ratio was very low (small moment but large shear)

actually falled across the nose section, dut the number of
these specimens was not sufficiently great to allow the draw-
ing of any general conclusions,

The value of b, in the tablea was obtained, using the
mean curve of figure 18. The resulting values of cb/cbo

shov a scatter which is generally no more than that shown in
figure 18, which indicates that very little additional scat-
ter has been put into the points by the addition of direct
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shear to the pure bending load, Scatter was particularly
bad for the ellipticity ratio of 3, However, this was t0 be
expected, since these specimens were very hard %o make with-
out initigl deformations near the ends of the minor axis.
Also, loads for these specimens were quite light and the ac-
curacy of measuring these light loads had a tendency to de-
crease,

The data in tables XII, XIII, and XIV have all been
rlotted in figures 3L to 45, Figures 31, 356, and 41 give
the variation of cb/cbo as a function of the My/Fb ratio

and, as mentioned before, the scatter tends to inerease as
the ellipbticity ratio increascs,

The results for the shear stress at buckling are plotted
in the rexmaining curves. This shear stress is taken as the
average shearing stress distribution. Xach set of curves
Tor a given ellipticity ratio has Tbeen collected and re-
plotted in figures 35, 40, and 45, The scatter on thess
curves is not so high as that indicated for the bending
stresses, which would tend to indicate that the distribution
of the Donding stress betweon tho cylindrical shect and tho
covor platos may not have becon accurately given Dby the Is/It

ratio, as was sssumed,

No attempt was made to determine a st/TS_ ratio,
B
)

since 1t was impossible %0 obtain a value for T There-

S'bo‘
fore the value of st has been presented simply as a funec—
tion of the My/Fb ratio.

Again, extensometor rcadings were taken below buckling
to check the calculated value of the bending stresses, and
the results are shown in figures 15 and 30, The scatter
shown.is random and ig of the order of magnituds expected
when using mechanical extensometers to0 measure stresses in
thin sheet structures.

CONCLUSIONS

The data contained in this report are intended to0 serve
as a guide %o the possiblo buckling and ultimato load-carry-
ing avilitios of wing nose scctions., In most casos these
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nose sections can be approximated by ellipses, and for this
reason the elliptical section has been used for test purposes,
The data and curves presented should give tho dosigner a con-
siderablo insight into the behavior of such soctions under
pure loading conditions as well as conditions of combined
bending and shear and combined bending and %torsion. The
problem of combined bending, torsion, and shear has not been
studied in this investigation and future investigations should
study the effect of all three loading conditions and should,
1f posslible, make an attempt actually to measure skin stress
distributions by means of electric strain gages in order %o
obtain a more complete stress distribution pattern,.

A summary of the design equatlions and curves for the
conditions studied is given as follows:

1, Pure Torgion

g&. Suckling

42 V4

(See fig. 12.)

b, Ultimate

T Lz 2 1/3 1.6
4 - 1.60 +V//;4.80 + 1.153 <5L—£—->
Bt R 2ta,

(See fig. 13,)

2. Pure Bending

a. Buckling

c 1.5 1,5
L - 1,70 /£> + 0,15 <%>
&y

\a

(See fig. 19.)
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b. Ultinmate

Fo ultinate curve since uvltimate load is a
function of the cover-plate strength.

3. Berding Plus Torsion

8. Buckling

2

el T
‘b+/b>=l

% \Tbo

(See figs. 25 and 27.)

be Ultimate

(o] T a
1 “u * ( 11‘\ =1
€ o'.bo Tu. /

o
(See figs., 28 and 29.)

4, Bending Plus Direct Shear

a. Buckling

Rending stresses = Figures 31, 36, and 41
for ellipticities 1, 2, and 3, respectively.

Shear gstresses - Figures 35, 40, and 45 for
ellipticities 1, 2, and 3, respectively,

b, Ultimate

Yo ultimate values, since the ultimate stress
ig largely dependent upon cover-plate strength.

Cuggenheim Aeronautical Laboratory,
California Institute of Technology,
Pasadena, Calif., July 17, 1944,
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Tensile Properties of 243-T Alumimum Alloy

2567

TABLE I

Sheet Used in Specimens Tested

a7

Loading
directien
Specimen t relative Ex10~8 0.9? 7
No. {in. ) to grain (1b./in.2,;| (1b./in.2; | (1b./in.2)

MT=1 0.01C1 With 10.88 -— 69100
MT-2 0.0102 " 10.71 51000 88300
NT=3 0.0099 Asross 8.84 44600 €55800
NT-4 0.0088 " 10.08 45500 86100
NT=5 0.0178 With 10.48 52800 €8700
MNI-8 0.0174 " 10.49 51200 69800
NT=7 0.0174 Aeross 10.44 44900 68100
NT=-8 0.0178 n 10. 43 44800 86900
"MT=8 0.0209 With 9.44 49500 69300
NT=10 0.0208 " 10.02 52500 70300
NT=-11 0.0204 Aeross 9.76 45800 87600
MT=-12 0.0204 " 10.2¢ 44800 86900
NT-13 0.0319 With 11.18 £55%00 72800
MT~14 2.0820 . 10. 80 58300 72100
MT=-158 0.0318 Aoross 11.20 47100 71200
MT-~16 J.0318 * 10. 8581 47500 70300
MT=-17 0.0383 With 10.85 52300 70600
UT-19 0.0387 Acress 10.47 45800 88400
UT-20 0.0386 " 10.01 43800 89900
MT=A 0.0210 With 10.00 54000 -
NT-B 0.0210 Aoross 10.00 48300 ==
MT-C 0.0168 " 9.80 45500 -
¥T-D 0.018§ " 10.00 48100 -




TARIE II
Porsional Strength of Semi-Circular Cylinders, £= 1.0
248-7 p=0.5 E =103 x 10f 1b./in.2 b = 5.01 1n.

Spee. L 1Y T, T, 12 2 2 (12258 | 12t
pe t L b a b o, T . _g_é-_ _Ql!-_ IR S L°E
Yo. (in. J (in. ) (in.=1b. ) | (in.-1b.)| (in./i0.%) | (Wb./in2)| E& Bt gta | 2tp, 2ta

Pr-9 0.0190 | 34.0 8840 9090 5740 5910 1790 (1840 | 10110 [l0n10 | lollo

Pr-10 " " 8850 8850 5750 5750 1780 |1790 " v "

Pr-11 " " 8930 9000 5740 5850 1780 |1820 " ' »

PI-12 " " 8220 8220 5340 B340 1660 |1860 " " "

Pr-13 " » 8230 8290 B350 5590 1860 |1860 " . n

Pr-l14 0.0160 " 6060 8060 4680 4680 2080 |2os0 | 12010 {12010 | 12010

PI-15 " " 5430 5720 4190 4410 1840 1940 " . .

Pr-26 0.0200 | 16.0 12380 12380 7640 7640 476 | 475 2130 | 250 | 2130

Pr-27 " " 15240 13240 8170 8170 508 | 808 " " "

Pr-28 0.0160 " 7900 7900 6100 6100 598 | 593 2660 | 2660 | 2860

PP-29 " " 7830 7830 8050 8050 87 | 687 . " .

Pr-T3 0.0104 " 2980 2980 3540 8540 814 | 814 4100 | 4100 | 4loo

Pr-74 0.0102 " 2800 2000 5400 3520 g1z | 84 4180 | 4180 | 4180

FT-20 0.0200 8.5 18040 18040 11140 11140 114 | 114 551 | 381 551

Pr-21 0. 0200 " 19450 194 50 12010 12010 125 | 125 » " "

Pr-23 0.0160 " 12840 12840 9020 9920 159 | 159 439 | 439 439

PI-24 0.0160 " 11930 12160 9210 9350 147 | 150 " " "

PT-58 0.0108 " 4000 4500 4590 5160 162 | 182 6L | 6B 851

Pr-32 0.0200 2.5 25760 23760 14860 14660 22,2| 22.2 51.9 6L.9 51.9

Jfrr=3s 0.0200 " 24700 24700 15250 156250 28.2| 25.2 . Sy "

PT-30 0.0160 " 15000 17140° 11580 13230 27.8| 51.3 64.9 64.9| 64.9

Pr-31 " . 18390 18390 14200 14200 33.8| 33.3 " "

*ON NI VOVH
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ge




TABLE IIX

Torsional Strength of Semi-Elliptieal Cylinders, £ = 2.0

1. 245-7  p=0.3 E =103 x10° 15,/1n.2 b =3.00 in.
Spec. & L Mty L 7 T Z, 2% 12| 12 |12gh | 126%
Ho. (in.) | (in.) (in.-1b.) | (8n.-36. )| (1b./in.2)| (1b./4n.2)| "EtZ | EE2 2ta | 2tp, | 2ta
PY-16 o210 | 34.0 9280 10500 5190 3620 812 {920 4570 |2880 | 5780
PT-48 0,0200 | 16.0 10390 13580 3760 4920 234 (806 1110 | 700 | 1400
PT-49 " " 10240 13650 3710 5020 251 |51z v " "
PT-85 0.0170 " 5600 9850 2500 4200 198 [362 1250 | 788 | 1570
Pr-71 0.0187 . 5500 10480 2390 4550 213 406 1280 | BOS | 1610
PI-72 0.0106 " 2000 4240 1370 £900 254|536 2010 |1270 | 2530
PT-66 0.0104 " 1800 3670 1260 2570 280  [590 2050 |1290 | 2m80
PT-22 0,0200 | 6.5 18000 23500 6830 8520 67,0 | 87.4 185 | 115 230
P47 " " 16560 19660 8000 7125 61.5 | 73.1 . " "
2 0.0177 " 10400 14100 4260 8780 55.7 | 76.5 108 | 125 250
P-25 0.0160 . 10500 14000 4760 6350 76.4 (102 , 219 | 138 276
P-60 0.0104 . 3000 AT50 2100 3350 79.7 [126 538 | 213 426
PT-62 6.0101 " 2800 5060 2020 3640 81.2 [148 348 | 220 439
PT-S5 0.0200 | 2.5 25650 28760 8670 10450 13.0 | 15.8 27.1| 17.1 | 34.2
Pr-38 0.0200 " 24380 35640 8830 12850 13.4 |19.6 n v "
Pr-34 0.0160 . 15530 24540 6320 11180 15.0 | 26.6 32.% 20.5 41.0
Pr-87 . " 16270 23080 7570 10480 17.5 | 24.8 " " n
Pr-51 0.0103 " 4000 8780 2820 4760 18.2 |27.4 50.6| 31.8 | 63.6
PP-54 0.0101 " - 6450 - 4640 - |26.6 fl.5| 32.5 | 85.0

"ON NI VOVN
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TABIE IV

Torsienal Strength of Semi-Elliptical Cylinders, £ = 5.0

2457 = 0.5 B =10.8 x 10° 1b./tn.2 b = 5.01 in.

Spec. t L Mty ey (43 T [ 12 e 12 _l._z_ 12¢ 4 1243

No. (in. ) {in.) (in.-1b. ) | (in.-1b. )} (1b./4n.2) | (1b./in.2)| Et Et¢ | 2ta 2tp_ zta
| PP-17 0.0200 | 34.0 6080 12240 1560 5140|459 885 3200 1540 4610
PT-18 " 18.0 7000 17640 1800 4620 112 281 709 540 1020
PT-19 " " 6800 15560 1750 4080 109 25 . " "
Pr-44 " - 6800 15400 1760 3960 " 248 " - "
PI-68 0.0176 o 5500 12160 1610 $580 129 28¢ 806 387 1180
PP-69 0.0174 " - 12500 - 3630 - 298 818 392 1180
P2-70 0.0105 " - 4600 - 2500 — 539 1580 663 1990
Pr-45 0.0200 6.8 14420 20080 3700 5140 58.0 | 82,8 | 117 56.2 169
FT~46 v " 9200 17850 2560 4680 2.2 | 47.0 . " "
Fr-50 o » 13000 26200 33350 6480 1 34.2 | 66.4 | " ® "
PT-65 0.0175 » 7000 17310 20560 5080 27.5 | 8.2 | 134 4.4 193
Pr-61 0.0175 » 5500 15390 1630 4570 22.4 | 62.8 | 135 64.9 195
Pr-a7 0.010% w 2600 6020 1300 3010 .5 | 116 228 110 529
Pr-84 0.0102 " 3000 6630 1510 3540 59.8 |is2 240 115 346
PT-40 0. 0200 2.5 26900 45300 8550 11750 9.96 | 17.8 17.3 8.51 25,0
Pr-41 " " 26000 - 8670 .- 10.1 - " " "
Pr-42 " " 24400 41000 260 10810 9.5 | 15.9 * . "
PT-38 0.0160 " 12880 22900 4340 7560 9.81 | 17.5 21.8 10.5 31.4
PP-39 " " 11580 23560 3620 7670 8.50| 18.0 | - " " "
PI-56 0.0103 " 5500 7900 1750 3950 10.0 | 22.6 53.7 16.2 48.8
Pr-66 0.0099 " 4000 8920 2080 4840 13.1 | 29.2 | 350 16.8 £0. 6
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TABIE V

Bending Strength of Ciroular Cylinders

a=3.0in. L =6.5in. L/a = 2.18

E = 10.5 x 20° 1b./in.2

245-T - = 0.3

Spec t | o Gpa |G

Fo. (in.] | 8% (m‘fab.) (1b].°/1n.3 Bt Tx? Remarks

PB~103 0.0208 | 146 18050 50800 0.456 { 0,250 | Seam on N.A.

PB-~104 0.0205 | 147 16200 27800 0.396| 0,214 " " °®

PB-102 0.0162 | 186 11600 25200 0.454| 0,240 " " "

PB-101 0.0160 | 188 11820 26000 0.475(0.286| ~ * °*

PB-110 0.0102 | 295 5000 17300 0.494 0,279 | " =

PB~109 0.0094 | 320 5060 11500 0.3% [ 0,264 * ™

PB~106 0.0199 | 151 16190 28600 0.420} 0,219 | " " 1. side
PB~105 " » 16530 27400 0.405 [ 0.262| ™ " ¢. side
PB-112 0.0194 | 155 13410 24300 0.365|0.261| % "% "

PB-107 0.0205 | 147 13470 23100 0.520 {0,220 " " T, and C. Sides
PB=108 0.0205 | 148 13480 23300 0.335| 0,262 | * " w v 0w
PB~118 0.0360 | 188 8310 20500 0.374| 0.262| " nw ®w nw
PB~117 0.0185 | 184 9460 21500 0.406( 0,310} v n°® ® n
PB-118 0.0104 | 289 3370 - 11400 0.324|0.284| » ®® ® ®v W
PB-121 0.0100 | 300 3600 12700 0.360 | 0.287 [ " " ® n W

*ON HI YOVXN

LS8

ie




S

N gy hten iy -

B bk s ]

Bending Stremgth of Semi-Circular Cylinders,

245-1 o= 0.3 E =10.5 x 105 1b./4n.2 b = 3.01 in.

TABLE V1

6-1.0

Spec. + L Ig My a: T3, 1.5 L
¥o. (in.) (1n. ) (in.4) (iIn-'.:'*) po/t | Lo (in.-1b. ) (1b.}in.2) F (',%:’ Po
PB-33 0.0212 34.0 1.018 | 4.785 | 142.0| 11.30| 19450 12250 2.01 11.30
PB-33B " " " " n " 15475 12270 2.01 n
PB=14 0.0203 16.0 1.739 | 4.820 | 148.2 5.81| 19950 15000 2.28 £.31
FB-14B " " n " " " 18200 11860 2.08 n
FB-56 0.0180 " 1.369 | 4.168 | 188.1 " 15760 11870 2.85 n
PB~56B " " " " n n 15860 11440 2.87 n
PB-58 0.0098 n 0.836 | 2.545 | 307.0 " B350 £290 3.29 n
PB- 588 b " " " " v 4800 5660 2.98 n
PB-24 0. 0204 12.5 1.749 | 4.712 | 147.5| 4.15 | 23300 14880 2.5 4,158
PB-24B " " " " " n 22680 14470 2.51 "
PB-37 0.0184 " 1.402 | 4,201 | 183.4 " 16450 11770 2.84 "
PB-STB " " " ” " " 16700 11960 2.88 "
PB-39 0.0095 " 0,810 | 2,509 | X16.2 m | RAS50 7010 3.83 "
PB-39B " n " " " " 5778 8920 3.78 H
PB-§ 0.0200 8.5 1.714 | 4.550 | 150.5 | 2.186 24000 15900 2.85 2.16
PB-£B " " " " " " 23000 15200 2,75 n
FB=5 " n " r " n 21800 14400 2.58 n
PB-6B " n " n n n 23000 15200 2.73 f
PB~18 0.0207 . n 1.773 | 4.693 | 145.3 n 26150 166800 2.85 n
PB-183 " n " r " n 24200 15500 2.63 "
PB-11 0.0176 " 1.468 | 4.331 | 172.0 " 17870 - 12400 2.72 n
PB-118 n " n " " " 20500 14200 3,11 n
PB-17 0.0106 n 0.904 | 2.667 | 285.7 " 7000 7890 $.66 n
PB-17B " " n . b n 7250 8170 3.79 "
PB-21 n » " 2.716 " " 8370 9280 4,31 "
PB~-21B n n n n " n 7250 8040 5.73, "
PB-9 0.0158 2.5 1.969 | 4.591 |152.0 | 0.83 16600 10900 1.99 0.83
PB=27 0.0200 n 1.714 | 4.649 | 180.5 n 18750 12130 2.17 "
PB-52 0.0161 2.5 1.578 | 4.163 | 187.0 " 16360 11800 £.93 n
PB-49 0.0095 " 0.810 | 2.497 |318.1 " 4110 4950 2.70 n
PB=54 0.0205 1.0 1.768 | 4.705 11456.9 | 0.33 22550 14420 2.49 0.33
PB-34D " " n " n " 22750 14580 2.52 n
PB-43 0.0163 n 1.395 |4.176 |184.6 n 18260 13140 3.20 "
PB-45 0. 0096 n 0.818 |2.508 |31s3.0 " 4250 5090 2.74 n
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TABIE VII

Bonding Strength of Semi-Elliptieal Cylinders, £= 2.0
" p4s-T pw 0.3 E =10.3 x 108 1b/in?2 b = 3.0l in,

Spec. t L I, I Ny, Ty g__h Po 1.5 L
¥o. (in.) | (in.)| (n.%)| (4.4 poft| oo | L/a | t/a (in.-1b.} | (1b./in.2)1 " (Et) fo
PB-16 0.0208 | 16.0 5.119 6.029 579 1.33 2.66 | 0.00346 8000 3990 1.91 2.66
PB~1GB " " " " " " " " 10000 4990 2.38 "
PB-59 0.0186 " 2.482 F. 249 730 " " 0.00274 5340 3400 2.30 "
PB-R9B - " " " " " " " 5820 3340 2.26 "
PB-25 0.0198 | 12.5 2.967 5.902 809 1.4 2.08 { 0.00328 9900 RO R0 2.60 2.06
PE=25B " " " by v " " " 10500 53 RO 2.758 *
PB-40 0.0185 " 2.460 5.261 729 " " 0.00274 7300 4160 2.80 "
PB-40B N " " " " " v " 6680 3820 2.58 "
PB-38 0.0095 " 1.418 5.112 1266 " " 0.00158 1500 1460 2.24 "
PR~-38B " " . : " " " " " 1410 1360 2.10 n
PB-3 -0.0210 6.5 5.152 6.019 K73 0.B40 | l.08 | 0.NO3K0 | 1770Q 88R0 4,186 1.08
PB~-3B " " " " " » " " 15700 7850 3.69 "
PB~19 0.020h " 3.070 6.047 887 " " 0.00340 | 13080 6500 3.17 n
PB-19B " " " " v n " " 15300 7630 3.72 n
PB-10 0.0173 " 2,891 5.367 696 " » 0.00287 | 10700 6000 3.77 "
FB~15 0.0106 » 1.581 5.359 11133 n " 0.00176 2000 1790 2.34 t
PB-15B " " v " b " " " 2350 2100 2.74 n
PB~7 0.0205 2.E 3.074 6.040 538 0.208 | 0.42 | 0.00340 9800 4880 2.38 G.42
PB~7B " . f " " - n " 12400 6190 3.02 "
PB=-28 " " " 6.007 " " R " 10250 5140 2.51 "
PB-283 " " " b " " v LA 9400 4710 2.30 "
PB~53% 0.0166 " 2.474 6.278 726 » " 0.00276 8840 RO40 3.37 "
PB"E.'JB ] ] " 1] ] ] n n 3410 48(” 3 . 21 L
Ph-54 0.0100 " 1.492 5.280 (1202 " " 0.00168 1410 1510 1.87 "
PB-54B n " ] L] ] L] ] " 1340 1250 1.79 ”
PB-35 0.0210 3.0 3.185 6.117 b74 0.08%5 | 0.17 | 0.00849 | 18780 9760 4,60 .17
FB~35B " " " " ¥ " " * 21300 10820 4.98 "
PB-44 0.0185 " 2.468 5. 208 729 " " 0.00274 | 14000 7850 5.56 "
PB-48 0.0094 . 1.402 5.078 (1280 b " 0.0015% | 3140 i 3080 4,83 "
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TABLE VIII
Pending Strength of Semi-Blliptical Cylinders, £ = 3.0
243-T p = 0.3 E =10.5 x 10° 1bs/in.2 b = 3.01 in.

Speo. t L I Iy My, 0% 0% /po\}* 5] L
Yo. (in.; | (1n.)| (in.%)| (m.4)| po/t | Vo, | L/a| t/a (in.-1b.) | (1b./in.2) 'ﬁh( e_:) Po
PB-26 | 0.0199 | 16.0 | 4.266 | 7.169 | 1361 | 0.590] 1.77} 0.00220 | s400 2270 2,15 1.77
PB-57B | 0.0158 » | 5.875 | 6177 | 15| ¢ *| 0.00175 | 2430 1180 1.57 "
PB~558 | 0.0098 " | 2,08 | $.812 | 2780 | " " ! 0.00109 910 718 1.95 "
PB~25 | 0.0206 | 12.5 | 4.410 | 7.285 | 1515 | 0.461! 1.38| o0.00251 | 6000 2480 2.21 1.38
PB-23B| " " " " " " mlo 4570 1890 1.69 "
PB-42 | 0.0166 * | s.501 | 6.343 | 1632 " " | 0.00184 390 2560 5.16 "
PB-42B | " " " " " " " " 5000 3280 2.94 "
PB-41 | 0.0093 " | 1.982 | s.675 | 2000 | ° " | © 00103 1000 | 818 2.40 "
PB-418 ] L n n n " ] L] [ ] 1 n 2.40 [
PB-2 | 0.0200 { 6.5 | 4.284 | 7.120 | 1354 | 0.2¢0| 0.72| o0.00221 | 7630 3230 3.01 0.72
PB-2B " " » " " " " " 8000 3480 5.24 "
PB-20 | 0.0207 | " | 4.430 | 7.370 | 1309 " * | 0,00220 | 8800 3600 3.19 "
PB-20B | ° LI " " " " v 10400 4250 3.76 "
PB-15 | o0.0175 { " | 3.745 |6.549 | 19 " * | 0.c0194 | 3900 1750 2.00 "
PB-15B | " o y " v " " " 4800 2210 2.52 v
PB~22 | 0.0179 v 13.8%0 |6.724 | 1513 " " | 0.00198 | 3800 1700 1.87 "
PB-22B | " . " " " " " " 5900 2640 2.91 "
PB-12 | 0.0103 " 2195 |s.078 |2625 | " " | o.0011¢4 | 1380 1020 2,57 »
PB-128B | * " " " " " " " 1200 907 2.29 "
PB-8 | o.0199 | 2.5 {4.262 |7.208 | 1s61 |o0.092 | 0.28 | 0.00220 | 7400 5050 2.87 0.28
PB-3B " " . ’ " " " " 8450 3480 3.27 "
PB-29 [0.0200 | " {4,284 {7.200 {1365 | " " | o0.00221 | 7650 3210 2,99 "
PB-20B | * " " " " . " " 7260 3040 2.83 "
PB-51 | 0.0158 " {35375 |6.156¢ |1714 " " | 0.00175 | $110 1520 2,02 "
PB-51B | " " " " " " . " 2890 1410 1.87 "
PB-50 |0.009% | 2.5 | 2.025 |3.755 {2848 |o0.092 | 0.28 | 0.00105 | 2170 1750 £.97 "
PB-§OB | " . * " " . " " 1450 1150 3.27 "
PB-36 [0.0212 | 1.0 |4.524 |7.552 |1279 |o0.037 | 0.11 | 0.00235 | 185%0 6620 5.66 0.11
PB-36B | " . . . " " " . 16880 6750 5.78 "
PB-45 | 0.0159 * |35.3965 |6.208 |1708 " * | 0.00176 | 15000 6220 8.18 "
PB-47 [0.0092 { * |1.961 |s.661 [2040 | " » |o0.00002 | 2700 2220 6.63 .
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TABLE IX

Bending Flus Torsion Tests

£=1.0 E=1l03x pai

A = 0.8 sg.in., L = 12.5 in.

S:G ..t‘ \ I‘ I"—' mib My mbu. Gp % O| % c.be a;é' % z-bo T,
o in, | Ini il in? i lbe b k| ik patd pei,|  psil poi] psi b i psi
BT-1 0,0198 | 0.0322|1,678 |4, 530 | 10800 {11100 |L08CO (11100 | T0B0|6990| 7080 |699q| 14050|0. 504 |0. 504 (B360 8360
-3 0.0195]0.0521|1.654 (4. 548 | 9800| 5850 |10800(10100| 8350 (8300 7020 |6460] 13750(0.462|0.462 (8100 8100
-5 0.0185|0.0321]1.655 |4. 548 128000 | 0000 [19550| 9850 [11920{6760 12600 |6298d]| 13750|0.866|0.951 (8100 |8100}0.711|0.777 |8540| 7030} 0. 727| 0. 714
-7 0.0174|0.031%)1.489(4.312!| 8200| 9200 | 9200| 9200 | 6420|6520( 6420(a620] 11700|0. 549 0. 54D | 75307 680| 0.866)0.856 | 3170| 3170| 0.545| 0.346
=9 0,0175/0.0317|1.48]1 |4.286] 8000} DOOO| DB5O| 9800 6320/6420| 6920|7000 11650|0. 542 |0. 694 | 7490 | 7490| 0.8 57 | 0. 834 |3100| 3410| 01346| 0,548
~-9B 0.0172/0.05168|1.472 (4.287 B3CO| 8685010000 (10000 | £060]6210( 7060|7180| 12600|0. 622 |0.608|7410|7410|0.838 |0, 660 | 2070| 3450 0. 544{ 0.346
-28 0.0208|0.0321|1.785]4.698 |18000| 9000 [18000| 9000 11540 | 5380 (115405300 | 15230|0. 757 |0.757 |8940 |8940(0.803 |0.805 18780| 6760{0.763|0.755
~28 0.0206} 0.052} |1.766 [4.686 | 6800|13500| 6800(15500 | 43708600 -4570|8000| 14970(0, 282 [C. 202 |8860 |8880|0. 903 [0.903 | 2A60| 2650]|0.162| 0. 192
-28B !|. 0.0200{0.0320/1.724(4.622| 6100]12500]| 510012500 | 35807860 3880|76650| 14570(0. 2735 |0. 278 8430i5450 0.897 |0.897 | 2260| 2260| 0, 164| 0.154
=30 0.0206(0.03520|1.765(4.891 | 8800|13200| 8600(15200| 4250|7850! 4250|7850 165230 |0. 279 |0. 270 |6940 6940|0.931{0.931{2480| 2460|0.188| 0. 188
32 0.0185| 0.0521|1.411[4.219| 4000} 7800| 5000|10000 | 2850 |8Y20| 5560|76540) 10800(0.2681]0.527|7180|7180|0.797 |1. 050 )1840) 1670 0. 176| 0. 167
-84 | 0.0188|0.0517|1.458 [4.225| 4400| 88500| 4800 9200 3140}6260| 5280|6784 11180|0. 261 |C. 2947440 |7440(0.8400.91111600{ 1500(0.176|0.169
-38 0.0169| 0.0518[1.445(4. 244 |13000| 640013900 6850| 9210 4870| 9900} s00d| 11240(0.820|0.861 [7620 |7520|0.622 [0.666 |4430| 4730]0.683| 0.690
-37 | 0.0166|0.0318 |1.416 |4.209|14500] 7200 [16450| 8400 [10280/6360|11760 626a| 11060[0.929 (1061728017280 0. 738 [0.862}4820| 6550{ 0.669] 0,661
~38 | 0.0100|0.0186 |0.882(2.562| 1100| 2270| 1600| 3200| 1290|2810/ -1830 (3960} 5120)0.26210.367|58508950/0,71211.001) 336/ B32/0.1610.1668
40 0.0089]0.0206 |0.844 |2.625| 2800| 2730 5000| S000| S210!3410| S460!575d| 6050|0.636|0.682 3870 (3870|0.882|0.968{ 800 965/0.350|0.321
-42 0.0090]0.0208 |0.844 [2.657| 2400( 1200| 45p0| 2800( 2740l18500| 5240|2880 50B0|0.642|1.056 3870]3870)|0.588 |0.744| 768| 1470|0.640]0.640
-49 | 0.0212/0.0529(1.81P [4.859| 2800|13600| 2800|15500| 1740|7880| 1740 |785q| 16840|0.110|0.110)|8880 8380 0.8684|0, 8841040 1040/ 0.077) 0. 077
-5 0.0210|0.0522 [1.801 {e.781 |216001 BB0OI22830| 5900 |12680(3220|14400 |3490| 15850(0.875 |0.520|8710[8710|0.570|0.401)|8180| 8640|1.487| 1.466
=53 [ 0.0210|0.0826 [1.801 [4.762 [21000| 5600 |26000| 4960 |13230(|2050(18110(2910| 15860(0.84411.158 87108710|0.255(0.534(7910[10880| 2. 280) 2.198
-56 0.0204|0.0324 1. 780 [4. you [18000| 1800i27700| 2780 [11820]|1080(|17780(1860) 14880|0. 774 |1.192(8780 87B0| 0. 125 (0,185 (6690[10300|3.716)5.708
-57 | 0,0270(0.0320(1.450 [4.278 | 1685 9400| 1895| 9400 | 1330|6830| 1576|6830 11250(0.118 0,122 7620 |7620.0.896 (0,808 | 646| 649/0.08910.068 .
-59 0.0369|0.0318 {1,448 |4. 243 |14000| 3500 (14080} 3820 9940|2550(|1.0840]2640| 21200 0.887 {0,940 | 7650 |7650|0.340(0.551 |4780| 5110|1.366| 1.41)
=72 0.0168(0.0814 (1. 4258 {4,206 |13000( 2240/19460} 3050 | 9300|1680|18850|2244| 11200]0.631|1.240 7440 7440|0. 222 |0.501|4440| 6650|1. 962 (2.180
-74 0.0267|0.0310(1. 429 4,164 15180 356017860} 4800 [10880|2630(12850|355¢] 11120]0.886|1.161|7360|7550(0.550 (0. 465 5200 6120)1.485 1.276
=76 | 0.0104|0.0195|0.887 |2.609| 4800| 1460| 6510 1670| 5560)1740| 7650|2010 54701.016 1.380 4210 4210(0,415 (0.477|1640| 2220(1.1241,328
=78 0.0099]0.0108 |0.846(2. 854 so00| 2500| 900| 4800 £90{3130] 1060|s9sc| 5210)0.113|0.204 5880 5880|0.806(1.450| 166 286|0.066|0.066
-30 | 0.0105(0.02020.895]2.665 | 4800 BOO[ 6320 1170; 5420 B40| 7130|1380| B630|0.980(1,290 4200 4200(0.219 (C.32R|1610f 2120(2.0151.B10
-82 | 0.0006|0,0208 |0.904|2.70¢4| 4600| B6l0| 6280 600! E330| G0O| 6990( 700} 6610|0.950|1.245 4370(4570(0.137|0.160|1600| 2100(3.16 |3.50
-84 0.0193 | 0.0316 |1.655 |4. 513 | 13550 | 1400015550 | 14000 | 9040|89850| 9040|8980| 13750|0.658 |0.858 (8820 [8820|1.311|1.511 4960 4960(0. 35| 0,354 *
-84B | 0.019%]0.0516 |1.655 |4. 515 |10670|10700| 10010 (10000 | 7140|6040] 7810|6840 15750|0.519 (0. 632 |8820 |6620|1.004 |1.004|3910]| 5910]0.599|0.385 *
-87 0.0186{0.0316|1.672 [4. 552 |15470|15560| 16470 | 15660 | 10280|6840| 102009540 140400, 733 {0,755 |6580 {6580 (1. 485|2,131 | 5720] 5710| 0. 367 | 0.387 =
~878 | 0.0195|0.0315(1.672|4. 552 |14180|14400{14180{14400| $920/.9100( 9420|9100| 14040|0.671|0.671|6680|6680|1.382(1.562 | 5850 6230| 0.363 | 0.363 **
¥ L - 6.5"

" Lm

2.6"
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TABIE X

Bending Plus Torglon Tests
E =20 E =10.5 x 10°
A=g88.9 L =12,6 in.

pel

"ON NI VOVH

Spec.
No.

t

In,

t

in

L| L

n In¢

My

e Ib

Me,
i dbe in b

Mu,

e ib:

| _pii

On
PiL,

psl,

T,

iTH

%

%

i3

-

BI-2

-8

=10
=12
-14
-16

0,0108
0.0195
0.0194
0.0176
0.0178
0.0208
0.0208
0.0206
0.0189
0.0169
0.0167
0.0172
0. 0099
0.0101
0.0l01
0.0207
0.0207
0.0207
0.0207
0.018%
0.0101
0.0103
0.0170
0.0170

0.0186

=36A| 0, 0180

0. 0194

=88A(0.0194

0.0321
0.0818
0.08519
0.0320
0.0819
0.0320
0.0321
ol wle
0.0317
0.0319
0.0313
0.03518
0.0200
0.0209
0.0204
0.0520
0.0321
0,0322
0.0523
0.0311
0.0208
0.02086
0.0318
0.0312

0.0521
0.0321
0.0318
0.0518

2,959|5.842
2.924|5.B10
2.909|6.792
2.621|5.454
2.868| 5. 801
5.134]6.068
3.118|6,087
3.085 | 5. 086
2.531|6.326
2.831|6.339
2. 501| % 280
2. 876 | 5.586
1.47713.278
lim 3.815
507 [8.817
loo6.055
100|6.058
100]6.042
100|6.05
. 523 | B, 278
509 |3. 288
538 (3.321
543 (5,328
5435 | 5.308
935

2. B.840
2.936|5.840
2.905| 5.785
2.906| 5.785

8400

1710
10150

6500
8000
3700
8700
7000
BO00
8000
3000
2000
3000
B8ED
8000
1200

880

860
8000
2110
1500

700
8000
2600

400
1120

500

8000
8000
10000
L]

13000
12000
15700
10500
11000
19800
7400
7700
18000
158800
55 50
8200
2000
5000
8020
3400
24000
24080
27800
25800
1000
. 7510
21000
23020

12000
15100
18000
18380

15000
11820

10450
11000

B700
15400
15100

7650
10950
12600

38%0

2860

5070
182580

6100

4340

13200
4700
1870
3500
2270

12000
160860
18000

19500

bt

5300
5100
3740
5760
5610
2980
1890
2010
2280
3380
1508
1880

550

1680
800
5080
4800
3480
820

1480
4820
2850

Z G, B
.1

Ll

jﬁ

2420
2120
1580
2780
2880
1740
2800
2840

880
1300
2480
2520

810
820
2800
740
530
240
4310
1810
280
400
210

4140 [2980

3880
4540

2080
3740
3300

8801

6890
62R0
8180
5680
6020
98K0
3680
3880
9040
8800
3240
3480
1840
5380
5640
1700
12020
12450
13700
1480
pzo
8800
11860
13100

6200
8340
8370
10150

4840| 5500
4200| F20¢
3000/ B2F0)
4540)4270)
4460/ 4400
3390] 5500
5400] 566Q
B520] 5470
3440 4070
3310] 4070
4790] 4000
E320]4170
2880|1630
2080|1870
2200|1870
5700] 5480
2140] 5484
1620( 5484
970| 8480
8680) 4070
3400]1870
1180{1920
1490|4100
870[4110

3 /40
310
3470
2830
3050
3900
3850
3780
2810
2810
2760
2020
1480
1540
1640
36800
3800
3800
3800
2810
1540
1870
2880
2880

4440| 5120

5980 489q| 6240
BO50| B42Q| 7440
7250| 5420 BOED

8560

BRBO
510
6460
5040
£220
8040
5960
5860
4890

4880
4780
4880
2880
2600
2600
8360
6360
8360
8360
4890
2600
2720
4780
4760

8060
7740
11180
12390

0.7é8
0.810
0.983
0.885

1.300
.18}
1. 664
1,530
1.567
1.761
0.882
0.70p
2,220
2.160
0,810
0.836
1.088
2.860
2.868
0.310
2.193
2.211
2. 500
0.364
0.492
3. 540
2.082
5.189

1.180
1.708
1. 868
1.873

0.684
0.604
0.598
0.950
0.946
0.448
0.729
0.75
0.306
0.463
OIW
0.862
0. 585
0,506
0.403
0.737
0.154
0.159
0,083
1,582
1.176
0.178
0.172
0.074

0.482
0.474
0. 603
0.411

0.889
0.772
0. 549
0.682
0.854
0.5%1
0,904
0.908
0.704
0.678
1.001
1-090
1.109
0. 793
0,846
0.806
0,336
0.239
ol lm
1,140
1,308
0,434
0.213
0.024

0.851
0.770
0. 534
0. 885

6550
6040
7880
4960
K30
10230
3810
3970
7600
7400
2680
2080

2880
270
1760
1251¢C
12810
14100
1240

3480
10030
11060

8030

9740

0.495
0. 504
0.979
0.488
0. 458
0.620
0.288
0.258
0.950
0.950
0.236
0.238
0.226
0.964
ol 918
0.102
2,435
3.082
5.110
0.008
0.092
1.850
3.470
4,800

0.
0.483
0. 502
0. 810

0. Fo2
0. 0
0.964
0.478
0.484
1.064
0.558
0. 263
0,95
0.988
0.248
0.235
0.251
0,938
0.902
0.108
2.020
2.965
5.070
0.09%
0.0088
2,080
2.065
4.866

0. 502
0. 504
0. 602
0.499

0.880
0.531
0.554
1.110
1.080
0.408
0.418
0. 547
1.434
1.481
0.156
1.096
1.1
1.250
0.182
0.246
1.770
1.446
1.594

0.675 ¢
0.852 *
0.778 o

Lae

0.938

a Le
% L =

6.5.
z.s.

9g



TABLE X%
Banding Plus Torsicm Yosts
Ew3.0 B =105 x 106 pud
A = 57.4 3q.in., L = 12,5 in.
Spec, | ts | 4 Ll 5 % | . M
HO . . « vy ' ‘% m"b My, ‘“fq‘ UL z O-"' 'z'u. q; é . '% EB Mj H“- _Lﬁ‘
' n, in \n, VY] e lh b i lb 'h,|.,L§! pii]  pais EL‘ i T ANYY e ib] e lba £ Op,
Br~11 |0.0197|0.,0318)4.219] 7.104| 4650|4900 |1FT00} 15600|1970| 1280 66850]14040 {26820 |0.699|2.358|1920| 4600 0.688|0.0878]|2760| 6330 |0. B4 |0, 598 |0.786

7
~13 |0.0195| 0.06818|4.134|7.007 | 6000|4850|15700| LE2 60| 2150| 1260] 6750|4150 |2730 |0.786]2.472|1800| 45640 |0.677|0.914| 2940| 9250|0.608 |0. 591]0.624
=15 [0.0202{0.0518}4.327|7.212| 8860|3000 {22000( 11000|2450| 760| 9190|2790 (2920(0.839|5.147{1060| 4700 |0.38810. 04| S8L0|13200 (2.170 |1, 200|1.04P
~17 |0.0206]0,0317}4.412|7.516|4200| 210020000, 10000{1740| 550| B230}2480 30100, 2.754|2010| 4750 | 0. 284| 0. 622| 265012080 1. 204 |1.208 0,911
=19 ;0,0208|0,0319|4.412| 7.531|3600|7850| 9000;17700|14680|1950| $700)4400}5010 (0. 1,220) 2000{ 4760 | 0. 970 0. 926 | 2160] 5450)0.278 |0.307)0.410
=1940.0204| 0.0522}4.369]7.504 34007100 8650 17100|1400(1780} 3650|4280:2080)|0.473().189(1970| 4880 (0.904|0.918]2030| 5170|0.286 |0.303}0.400
-2l |0.0198|0.0317|4.241|7.122|5000(6000| 8250!18850|1270|1R10| 3480426023300, 1.230|1940] 4650 |0, 7768 | 0.918| A700| 4910]0.2960.202|0.410
~£3 |0.0178|0.05173,808|6.829)| 2500|1600 |13200: 13000| 1140] 480 6020|3820|2420(0,47] |2.488| 2220] 5490 |0.207(0.698| 1440} 7590 |0.900]0. 575|0.829
-25 |0.0188] 0.0500 |3, 5648|9. 266 |2000| 4000| 7400|16000} 960|1240| 3680|4850|2180 [0.440|1.833|1650|35100.795)1.220|1150] 4180)0.285|0.279|0. 544
=27 |0.0174]0.035193.725 2000}4000| 7650/ 15050 920|1160| 5540;4450|2550(0,5956| 1. 6101 1680|4080 |0.702|1.088)|1140| 4580|0,286|0.289|0, 508
=28 |0.0173]0.0515(3.702 2800)2900 12650 12600]1300| 880} 6900 [3750|25100, 58% | 2. 654{1860] 4040 |0, 518[0.928{1600( 7210|0.661|0. 572|0.851
=31 j0.0175]0,0519|3,744 4000]2000|17700| 8800]1840{ 690| 8120|2500|25%0|0,798[5.4656/1700| 4140 ]0.347]0.625|2280)10090]2.140(1.246 1. 152
~35 {0.0170]/0.03521}3,638 2000]1030(18400] 9200( 950( 10| 8510{2790|2260|0.418)3.785(1620( 4000|0.191 0.698|1120|10340(1.089]1.126 (1,256
~44 |0.0099]0,020612.110 70011400 2370| 4720 540| 730] 1840[2440|1000(0. 3.B40) 640 2070/0,869|1.179| 380| 1290|0.272]0.273{0.613
-48 |0.0200!0,0202}2.131 900| §800| 3800| 710| 460 2060]1960|1020(0.69¢)]|2.902| 880(2110)0.555;0.929] 490| 2080|0. 545|0, 548 |0.867
=47 |0.0098}0,020%)2.089 1280 640 4520] 2220| 980 340 3570|1160| 990}1.000]3.404| B20|2020/0.415/0.59| 690] 2350/1.079)1.069}1.135
-48 {0.0212]0.D313| 4. 550 1700|65001 3730{18100| 690{2060{ 1510(4%40|3140/0,220]0.481| 2100 6040|0,976|0.885|1040{ 2280|0.123|0,126(0.180
=50 |0.0211]0.0518|4. 52617, 4000} 1000 |20000{ 5000|1620| 240} 8110|1220|3120|0.8519| 2. 509] 2060| 4990{0.115]0.244 | 2450121302, 430|2.430[0.868
=52 ]0.0211/0,0326|4.520|7. 7240)1190|20500| 3500|2890| .280] BOGO! BSO|3S120 o.nzz 2. 559 2080| 4990|0.053]0.184 | 4360 | 12350 |3.661 13, 530)0.863
~B4 10.0202|0.0327{4.530|7. 3000| 300|1s0a0| 2000/1240{ 80| 7900| 510|2020]0.426|2.705]1e80/4700)|0,041{0.208 1780 |11520(5.940] 5.860] 0. 902
=544 |0, 0202| 0.0827|£.350|7.206|B0C0| 800}24960] 2600[3520] 200[10510! 640]|2920|1.137|3. 81| 1960; 4700|0,102]| 0,136 | 4750 | 14810/ 5. 940| 5. 840} 1. 177
1580
120
180
80
150
160
S0
130
1060
1380
2100
1840

)

SEuusaon
SOESEEERIRE
2

=55 |0,0171;0.0319|3.667|6.477]1100! 8600| 2630)14200; 510 1320 |4280| 2270|0.22%] 0. 581, 1840! 4050|1.024|1.052| @20| 18610{0.111|0,113|0.194
-6 |0,0170|0.0312|8.655)6.385|1540; 400]17800 750 BAY0 152012260 |0.52%]3.721{ 1620( 4000|0.0T4| 0.530| 870[10110|2.175[2.314|1.240
=60 10,0170|0.0319}5.635{6.452(3680| 600118400| 3260|1630 B6B0| 000{226010.759|3.887|1620}4000|0.111| 0,248 |2020|10480(%,.365]5.215:1.276
-82 10.0168|0.0320{3. 583 |6.400|1340| 260120000] 2200| 630 9860] 670{2210({0.288) 4.467{1590| 3900(0.051/0.172| 750{117005.000|5.52011.486
-84 |0,0100]0.0208}2.1315.908] 480}2250; 1000) 5000| 360): T70)|2670}1020/0.34%| 0.755; 860] 2110]1.345!1.218] 260 660/0.111}0.110}0,282
-87 [0.0100/0,0205 {2,151 (5.880]|1200| 300| 6160| L750| 9350 4780| 890]1020;0.912|4.636] 860] 2110{0.168] 0.422| 8580| 5380|2.200{1.952;1.562
-48 10.0099|0.0200)2.110|5.886(1600| 260{.7240| 1230;1170 6640 640{1000;1.170}5.640| 840|2070]0.156/0.509| 820| 3950|3.280]3.210}1.6880
=70 |0.0100]0,0100|2.151{5.870|1500| 250{.6600| 9001160 5180} 460]1020|1.137|K.078| 880j2110|0.161|0.218|1380| 5680|5, 520|4.090)1.693

£180 3200|2730 0.8501 1.896 | 2640 60D0|0, 417 | 0. 554}2360| 7070|0. 00| 0. 58| 0.852
7300{4620; 27301 0.537| 2,671 | 2540{ 8000 0, 547 | 0. Y71 |3 500 | 10050| 0.679 | 0. 580] 0.890
77304760 5610 o.sl:%f.:oo 5530[10020| 0.394( 0. 474 | 4740]10860| 0. 593 | 0. 593| 0. 733
7900{8420) 3510} 0.88% 2.249| S33O10020| 0.548 | 0.640| 4150 10890| 0. 603 | 0. 892 0. THD

=88 [0.0193 |0.051% 4. 140 |7.02% | 4000|4000 ]22000] 12000 | 1720

~B6.4,[0.0193 | 0,0519 |4, 240 |7.023 | 6000 | K200 |17020] 17300 2680

-89 |0.0195{0.0317T (4.280(7. 8000|8000 |18000| 18000 5440
T

0
-894.|0.0186/0,0¥517 {4.180}7.066| 70007000 |18410| 24300| 5000

s L =g.85"
s I «2,5"

4968 O NI VOVE

L2




NACA TN No. 957 38
TABIE XII
Bending Plus Direct Shear Tests
€=10 . E =10.5 x 10° psi
b =3.01" =8, L = 6.5" except where noted
Spee. | t5 | Ig ¢ a, | 2| 7| M | T T | T | T
Xo. in. in% | int | sq.in.| in.}] 1b.| Fm psif psi | psi |Op,
BS-~10 | 0.0215 ] 1.844| B.161| 0.407 | 14.6| 1570| 1.737| 38BO| 133590| 16430 | 0.814
-11 " " " " 80.0{ 3I10] 9.498€ 78601 14410 " 0.877
-11B " " " " 80.0f 270| 9.498} 860] 128590 ¥ 0.760
=12 n " 5.408 " 29.1| 750]| 3.292| 1840] 12120 ® 0.738
=128 " b 5.650 u 29.1] 1170]| 3.180! 3870} 18140 " 1.104
13 n " " " 38.3 €40| 4.155) 1570} 13080 " 0.784
~13B " " " Ay 858.3 820] 4.155] 2010} 16710 . 1.01¢
=158 " " 8.6850 " 65.1| 610| 6.752| 1500| 172%0 " 1.049
«16 " n L 4.9) 2380 0.528] 6760 €140 " 0.374
-17 | 0.0166} 1.411] 5.089 ) 0.312 | 4.8] 960] 0.451| S080] 2780} 11180 C.280
=18 " " " " 10.1] 1140) 0.931{ 3650 6810 " 0.611
=19 " " " » 14.8| 1040] 1.548] 35330 8990 " 0.807
-20 | 0.0220 | 1.887] 5.204] 0.416 | 10.1} 2620} 1.210) 6500} 15210} 17050 | 0.881
-21 | 0.0218| 1.844| 5.161} 0.407 | 64.8| 350; 7.700! 860| 15220] 16430} 0.808
=218 v . " " " %2.5| 1050 3.865( 2880 19900 ] 16430 1.211
«22 | 0.0185| 1.411{ 5.089] 0.%512 | 10.1| 1330| 0.931] 426C0| 7950 11130} ©.714
-23 . " " . 79.8] 300| 7.360| 680] 14180 b 1.270
-23B " " " " 88.2f 260| 5.460) 830| 9100 . 0.8186
-24 " " " . 38.4] 380! 3.540| 1220] 8630 " 0.774
-24B b " " " Z8.4| 340| 3.840] 1080 7730 " 0.694
-25 " " " " 36.1] 650] 3.380| 22101 14710 " 1.320
-64 | 0.0101 | 0.861| 2.187 ; 0.191 | 79.8 6210.52 520| 6870| S350 1.282
-64B " " " " " 84}10. 52 340} 7100 . 1.327
-65 " » 2.824 " 69.4 98| 6.47 Blo; 6890 b l.280
-6 8B " " " " * 78] 6.47 $90] %110 " 0.958
=86 0.0100 | 0.882) 2.564 { 0.188 {41.0] 130] 4¢.060| €90} 8290 5150 | 1.221
-86B ® " " " " 114 " €00 §610| 8150} 1.070
=67 | 0.010%8 | 0.878!) 2.611 | 0.194 128.6| 200! 5.280| 1000 68%0)] B75) 1.187
-87B " " n " " 160 " 820} 5460| 5780} G.5%
-88 | 0,0100 | 0.882} 2.58% | 0.189 |19.8] 310] 2.170) 1640} 71850} 5150} 1.388
-88B " " hd " ", 260 " 1370| 6990 6150} 1.162
=£9 " " 2.880 " 9.9] 310§ 1.081} 1840 3570| 5150} 0.692
-70 {0.,0101 | 0.861} 2.617 { 0.191 " $50{ 1.084) 1850 3950| 5350) O.778
*« «57B{ 0,0196 | 1.679} 4.458 | 0.371 |{79.9] 310§ 9.800| 840 | 16420 | 14510} 1.131
* -58B| 0.0206|1.758| 4.807 | 0.388 [14.2 | 1690 1.790} 43650 | 16650} 15250 | 1.027
* -89 | 0.0100 ) 0.852}| 2.883 | 0.189 [41.4§ 120 )] 4.540| 630 5790 5150 | 1.128
* =§5B " " n " 18.91 300§ 2.185) 1880 ]| 6950| &5160| 1.380

*

L = 16.0 in.




NACA TR XNo.

957

5. 2.0
b = 3.01 in.

TABLE XIII
Bending Plus Shear Tests

E = 10.3 x 10° psi
a = 6,02 in.

L =6.5 in. except where noted

Spec. tg Ig It Ag /l : F X o | 9 G;o %
No. in. in¢| in%| sq.in. in. ! 6. | Fp psi| psi | psi | Tp
BS-837 | 0.0200| 2.999 | 5.835| 0.883 |79.8 | 150 {13.32| 260 6180 ]| 5260 | 1.172
-37B| " " " " " {230 " 400| 9360 § " | 1.780
-28 | 0.0210| 5.152 | 6.019 | 0.613 [10.1 {1510 ! 1.76 | 2470| 7670 }| 8670 { 1.365
-39 " " " " 23,0 590] 4.00| 960|670 § " {1.183
-39B| " " " " » l780{ "™ |1270]/8870 1 " | 1.885
=40 " n " v lx5.6 | 400] 6.18| 650) 7220 | " | 1.255
-40B{ " " " " m {s70] "™ 600{ 6590 ; " | l.161
-41 " " " " 50.4 | 840 | 8.78| 860 eseo; " 1.510
-418{ " " n " 164.8 | 220 [11.26| 360} 7140 } ™ | 1.629
-4lc| " " LI S 4.9 {1510 | 0.85| 2460| 3700 i " 1 0.682
-71 |0.0104| 1.552 | 5.268 | 0.503 | 8.0 | 370 | 1.26| 1220} 2760 | 1970 | 1.401
-71B| " " " " 8.2 | 280 | 1.30| 920§ 2140 y " § 1.087
-75 |o0.0105°| 1.537 | 5.262 | 0.300 {14.4 | 150 { 2.26| 500| 1880 i 1850 { 1.020
-788] " " " " v {170 " p70| 2020 | " | 1.035
-74 }0.010¢| 1.582 | 3.273 | 0.308 {19.5 | 120 | 3.08| 400| 2150 ; 1970 § 1.091
-74B} " w " " v {1407 " 460{ 2510 | " | l.272
-76 " i " " |28.9 ; 140 | 4.58| 460| 5720 § " }§ 1.889
-768| " " " " " {140 " 460| 3720 { " ] 1.889
-78 {0.0102] 1.522 | 3.281} 0.297 {41.2 { 75| 6.57{ 280| 2850 | 1920 | 1.47%
-78B] " " " " v 76| " 250§ 28850 | " ] 1.472
-80 {0.0100) 1.492 | 3.225 | 0.281 {69.1 | 32 9.10{ 110} 1770 1 1860 { 0.961
-80B{ " " " " " a7 | " 1651 2590 " {1.3591
-82 " " n " i79.8 { 35]12.26| 120{ 2610 § * | 1.402
-82B{ " " " " " 38 n 130 2850 n | 1.5
-84 |0.0178] 2.621 | 5.490 | 0.510 |79.8 | 170 |12.65]| 330 7440 { 4310 { 1.725
-84B)] " " n n v {170 " 330 | 7440 n 11.725
-86 |0.0174| 2.608 | B.472} 0.507 [59.4 | 220 | 9.41| 430{ 7180 | 4270 j 1l.681
-86B] " " w " » {210] " 410 | 6860 " {1.608
-87 {0.0175| 2.591 | 6.596 | 0.604 [38.5 | 250 | 6.15] 5001 6380 | 4240 | 1.269
-87B{ " " " " » lsz0f " 640 | 6880 » | 1.621
-89 |0.0170} 2.546 | 5.518 | 0.496 |25.4 { 890 | 3.78| 790 5160 | 4130 | 1.220
-89B] " n " " ™ {440 " 890 ] 5830 n 11,378
-91 {0.0172} 2.576 | 5.358  0.501 |19.5 | 440 | 3.12] 880 4820 | 4200 { 1.148
-91B{ " L " " 16201 " 12406800 " | 1.619
-93 " " " * 114.4 | 720 | 2.29 ] 1420} 5740 v 11,386
-93B{ " " " " " | 770 » 11540 | 6240 v | 1.485
-98 " " " " 4.9 |1080 { 0.77 | 2160 { 2970 * | 0.707
* <60 |0.0199 2.984 | 5.889 | 0.580 [24.6 | 620 | 4.14 1107017790 | 5220 | l.481
* -80B " " " " 14.5 | 880 | 2.44{ 1520 6550 " 1.280
« -1 |0.0099| 1.477 {5.205} 0.288 |29.0 | 95| 4.44| 370}2590 | 1830 | 1l.418
* -61B| " " " * 114.5 | 200 | 2.22 770{ 2720 ® | 1.488

*

L = 16.0 in.
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TABLE XIV
Bending ®lus Direct 3hear Tests
€= 3.0, E = 10.3 x 10% psi
b =3.01 in., a = 9.03 in.
L =6.5 in. except where noted
Spec. tg Ig Iy Ag YA F M v | T G:;o Ty
Yo. in. in*| in%*| sq.in.{ in. | 1b. | Po psi| psi| psi Tbe
BS=34 | 0.0200}f 4.284) 7.120] 0.804 ] 19.6 480| 3.294] 600 | 3970 2920 | 1.360
-34B " " " " n 920 " 1180 | 7620 " 2.608
«35 " " " " 358.6 260] 7.122 | 325! 3920 " 1.341
-35B " " " " 68.9 11013.78 135} 3210 " 1.099
-36 n " n " 10.1 970 2.025| 1210 | 4140 " 1.418
-36B " " " " " 1520 " 1890 | 6490 " 2.220
=66 {0.0197| 4.219§ 7.089{ 0.792 | 53.1 150110, 50 190 | 3380 | 2820 | 1.19%
-56B n " " " 77.5 120115.33 150 | 3920 " 1.890
-72 1 0.0101| 2.152| 3.879 § 0.405 | 10.1 130} 1.870 | 320 { 1020 | 1040 | 0.981
=75 | 0.0105| 2.238; 3.955] 0.421 | 19.5 110 3.670 | 260 16301 1100 | 1.469
=758 " " " " " 100 " 240 | 1480 » 1.333
-77 0.01041 2.216 | 3.952 ¢ 0.417 | 23.4 100 4.363 240 } 1780 | 1080 1.631
=77B " " " " " 74 " 175 1320 " 1.211
-79 n " " " 29.6 1204 5.505| 2980|2710 " 2.485
=798 n " " " " 81 n 195 § 1830 f 1.679
=81 | 0.0101} 2.152 | 3.886 § 0.405 |47.4 48| 8.7%2 | 1l20]1720] 1040 | 1l.6852
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Figs. 35,33
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